M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT

Highlights:
-Of all the species tested, leaf surface temperature was lowest in Stachys, even when water was limited.
-On warm days, both Stachys and Sedum cooled the air above the substrate compared to bare soil.
-On several hot afternoons in the glasshouse Stachys provided more aerial cooling than other species.
-In outdoor conditions we recorded one incidence where Stachys provided additional localised aerial cooling. and Hedera hibernica) we tested the hypothesis that plants differ in their 'cooling potential'. 24
We firstly examined how leaf morphology influenced leaf temperature and how drying 25 substrate altered that response. Secondly, we investigated the relationship between leaf 26 surface temperatures and the air temperatures immediately above the canopies (i.e. potential 27 to provide aerial cooling). Finally we measured how the plant type influenced the substrate 28 temperature below the canopy (i.e. potential for building cooling). In our experiments Stachys 29 outperformed the other species in terms of leaf surface cooling (even in drying substrate, e.g. 30 5 o C cooler compared with Sedum), substrate cooling beneath its canopy (up to 12 o C) and 31 even -during short intervals over hottest still periods -the air above the canopy (up to 1 o C, 32 when soil moisture was not limited). We suggest that the choice of plant species on green 33 roofs should not be entirely dictated by what survives on the shallow substrates of extensive 34 systems, but consideration should be given to supporting those species providing the greatest 35 eco-system service potential. Enhancing a city's green infrastructure is frequently thought of as a means to help address a 43 number of environmental problems associated with the built environment [1, 2] . The ability 44 of urban vegetation to help mitigate urban heat island effects [3] and to reduce the energy 45 load on buildings [4] are two important ecosystem services that plants can provide. Globally, 46 urbanisation is still increasing and there is more pressure within the urban matrix for land to 47 be used for housing, business development and the associated infrastructure. Consequently, 48 the use of green roofs has been advocated, partially in an attempt to provide some urban 49 green space, without adding to the pressures on land at ground level. Even in countries which 50 traditionally have not suffered from extreme anti-cyclonic conditions ('heat-waves') such as 51 those in Northern Europe, there are concerns that a changing climate combined with urban 52 expansion will result in more frequent incidents of severely elevated temperatures [5] . The 53 use of urban greening is therefore advocated to help mitigate such events, and helps in part to 54 compensate for the lack of alternative cooling mechanisms more typical of warmer 55
Mediterranean climates e.g. lightly coloured buildings with high albedo, thick insulating 56 walls, shuttered windows, greater exploitation of prevailing cooling winds etc. [6] . 57
In Northern Europe and indeed many other regions, vegetation is now considered to be a vital 58 [13] . At a more local level, it is acknowledged that low-growing terrestrial 66 vegetation (lawn grass particularly) can enhance aerial cooling, at least in comparison to 67 harder, more typical urban surfaces (asphalt, concrete, paving etc.) [14, 15] . However, the 68 evidence for green roofs providing significant air cooling remains limited [16] . Furthermore, 69 the ability of green roof plants to extract and transpire water may be considerably 70 compromised in the shallow, lithosol-like substrates used on green roofs compared to a 71 deeper profile, natural soil. Also, leaf surfaces are likely to become warmer when plants close 72 their stomata and decrease water loss in response to drying substrate [17] . 73
74
Green roofs can help insulate buildings against thermal gain from solar radiation [18] , 75
although it is often acknowledged that it is the depth of the substrate that determines the 76 extent of insulation more than the amount of vegetation [19] . However, the depth of green 77 roof substrate is often dictated in practice by the weight load placed on the roof (i.e. thinner 78 substrates are preferred from an engineering perspective). The extent to which the vegetation 79
can then provide additional cooling to the substrate, becomes an important practical and 80 research question. 81
82
Due to the drought prone and exposed nature of extensive and semi-extensive green roofs, results showed that there were alternatives to Sedum in terms of good surface coverage and 92 providing protection from water runoff, but there was little emphasis on other ecosystem 93 services, including cooling potential. 94
95
Since the priority for plant selection on extensive and semi-extensive green roofs has been 96 stress tolerance (with perhaps aesthetic quality being second), only limited attention has been 97 paid to a species' ability to provide cooling. Indeed, it had been suggested that Sedum and 98 other species currently used (and ones with similar morphological adaptations such as small / 99 narrow / succulent / hairy leaves with thick cuticle) are unlikely to offer substantial evapo-100 transpirational (ETp) cooling, especially when the weather is hot and dry [27] . Furthermore, 101 reduced substrate moisture availability, frequently associated with green roofs, causes leaf 102 stomatal closure and a consequent warming of the leaf surface [28], but the extent of this 103 response is likely to differ between species. Depending on performance, some less stress 104 tolerant species may justify further investment required to support their establishment and 105 growth on roofs, by providing better cooling than 'traditional' green roof species. 
The aim of our research was to address these questions. By using a range of contrasting plant 116 types we wished to examine how leaf morphology influenced leaf temperature and how 117 decreasing substrate water availability (typically associated with green roofs in hot weather) 118 alters that response. Secondly, we wished to investigate the relationship between leaf surface 119 temperature and the temperature of the air immediately above the canopy (i.e. potential to 120 provide aerial cooling). The choice of height for measurements of air temperatures in our 121 experiment was driven by the hypothesis that differences in leaf temperatures could translate 122 in differences in air temperatures in the immediate vicinity of the plants; these could then be 123 utilised to influence positioning of air conditioning units within vegetation on a building 124 surface (e.g. lowering their energy consumption in a 'cooler' environment). Finally, a third 125 objective was to observe how plant type influenced the temperature of the substrate below the 126 canopy (i.e. potential for building cooling). 127 128 Due to its prevalence in practice we used a commercial Sedum mix matting in our 129 experiments to act as an industry standard (control) system. In comparison, monocultures of 130 three broad-leaved perennial plants: Bergenia cordifolia, Hedera hibernica and Stachys 131 byzantina were used to compare their thermodynamics to that of the Sedum mix. We 132 specifically chose broad-leaved species to test the hypothesis that these would have lower 133 leaf temperatures and perhaps lower surrounding air or substrate temperatures; earlier studies 134 have indicated that traits such as succulence, presence of leaf hairs etc. are involved in 135 regulating leaf temperature [29] . We also selected candidate species to reflect different 136 ecological backgrounds, on the basis that some e.g. Stachys (from a Mediterranean climate) 137 may possess a degree of drought tolerance and hence perhaps be the most amenable to green 138 roof culture, but at the same time are suitable for the UK climatic conditions [30] . Green Roof Substrates Ltd., Southwater, West Sussex, UK), to mimic a standard semi-160 intensive green roof. The substrate had the following properties (as specified by the 161 manufacturers): pH = 8.5, total pore volume 49-60%, soil organic matter 9.2% and maximum 162 water holding capacity 33.5%. 163
There were six containers per species and an additional six with unplanted (bare) substrate. 164
Containers were organized in a randomised block design and located in a ventilated Preliminary experiments suggested that this SMC lead to stomatal closure and growth 178 reduction, without affecting plant survival. Hand-watering was performed in late afternoon, 179 daily or weekly, for 'well-watered' and 'dry' treatments, respectively. 180 181
Plant and substrate measurements 182
Substrate moisture content was measured twice weekly using SM200 probe (Delta-T Devices 183
Ltd., Cambridge, UK) in five locations across the middle of the longer axis of each of the 184 containers, close to a plant. Measurements were made between 09:00 and10:00 h (British 185
Summer Time, BST). 186
Leaf stomatal conductance to water vapour (g s ) was measured in all species apart from Sedum 187 (where the leaves were too small and thick for the instrument's chamber), twice weekly 188 between 10:00 and 15:00 h (BST) to follow SMC measurements, using AP4 porometer 189 To increase the likelihood of detecting local air temperature differences outdoors, where there 244 is greater air mixing, screened temperature sensors RHT2n were placed at two heights on the 245 edge and in the centre of the plots. One sensor was placed in line with the plant canopy (20-246 30mm above the soil surface) surface and another 100 mm above the canopy The larger 247 planted area in this experiment (4.84 m 2 ) compared to Experiment 1 (0.48m 2 ) enabled sensors 248 to be placed closer to the canopy than before, without affecting a proportionally large area of 249 the canopy through shade. Furthermore, in this experiment we were interested in using top of 250 the plant canopy, rather than the soil surface, as a 'reference point', to provide us with the 251 relative comparisons between plant species. Additionally, soil surface temperature beneath 252 the plants was measured by placing thermocouples (type Fenwal UUA32J2, in house 253 construction) 5 mm below the soil surface in the centre of all plots. Temperature was 254 measured at 5 s intervals and averaged every 10 min. Measurements of leaf surface 255 temperature were by thermal imaging as described for Experiment 1 (section 2.2.3). 256
Additionally, anemometer (A 100R, Skye Instruments Ltd., Llandrindod Wells, UK) was 257 placed in the centre of the experimental area to monitor wind velocity at the same time as 258 temperature readings were recorded. 259
Substrate moisture content was measured twice weekly using SM200 probe (Delta-T Devices 260
Ltd., Cambridge, UK) between 09:00 and10:00 h (BST) in 12 locations evenly distributed 261 across every plot. Net total radiation (i.e. difference between incoming and outgoing/reflected From day 4 of the experiment, significant differences in SMC were apparent between the 304 'well-watered' and 'dry' treatment plants and from day 10 the SMC was consistently at, or 305 below, 0.15 m 3 m -3 in the 'dry' treatment (data not shown). Within both 'well-watered' and 306 'dry' plants, SMC was similar between Stachys, Hedera and Bergenia and always higher in 307 those three species than in Sedum (data not shown). for early afternoon measurement on 3 July 2009, Day 24 of the experiment, Fig. 1 ). All other 316 species had similar leaf surface temperatures when they were well watered (Fig. 1) . In the 317 'dry' treatment the following order of surface temperatures was recorded on 3 July: bare 318 substrate > Hedera = Sedum > Bergenia > Stachys (Fig. 1 ). There was no significant 319 difference in leaf surface temperature between 'well-watered' and 'dry' Stachys (26.5 o C vs 320 27.2 o C, respectively, LSD = 1.25 o C). All other surfaces associated with the 'dry' regime 321 were warmer than those 'well-watered' (Fig. 1 ). Air temperature in the glasshouse 322 compartment at the time when leaf temperatures were measured on 3 July was 30.7 o C. 323
In terms of air temperatures above various surfaces we were only able to establish treatment / 324 species differences on hottest days (air T max > 32 o C) and only during early afternoons (12:00 325 -16:00 h). Air temperatures were lowest above Stachys grown in 'well-watered' treatment 326 and above Sedum in the 'dry' regime ( Table 1) . 327 328
Experiment 2. Comparisons between Sedum mix and Stachys byzantina; leaf surface 329
temperature and air temperature above the canopy (glasshouse conditions) 330
In this experiment, there was a difference in SMC between 'well-watered' and 'dry' 331 treatments in both plant species and on bare substrate from Day 4 of the experiment (Fig. 2) . 332
Well-watered Stachys and bare substrate SMC was maintained, on average, at least at 0.3 m 3 333 m -3 , and Sedum at 0.2 m 3 m -3 (Fig 2) . In the 'dry' treatment, Stachys was maintained at 334 around 0.15 m 3 m -3 and Sedum and bare substrate below 0.10 m 3 m -3 (Fig. 2) . (Fig. 4) . Surface 343 temperatures were also higher in 'dry' substrate and Sedum compared to the 'well-watered' 344 equivalents (Fig. 4) . 345
Significant differences in air temperatures above the surfaces were only detected on the 346 hottest day of the experiment (21 June 2010, maximal daytime temperature in the glasshouse 347 compartment was 31.5 o C) and only during early afternoon (12-16 h); air temperatures were 348 lowest above 'well-watered' Stachys (Table 2) . imaging and temperature sensors (data not shown). We found significant differences in soil 364 temperatures during the warmest part of the day (12 -16 h). Soil underneath Stachys was 365 over 11 o C cooler than soil under Sedum, which was also almost 3 o C cooler than bare 366 substrate in the period 12 -16 h ( Table 3 ). In the same period, air temperatures 100 mm 367 above Stachys and Sedum were similar (24.8 and 25.1 o C on average, respectively), but both 368 were significantly lower than over bare substrate (25.9 o C) ( Table 3 ). Significant differences 369 in air temperature above the two plant canopies were observed, however, on other warm 370 days, but only during shorter intervals (e.g. 24. Differences in leaf temperatures between species were apparently strongly linked to 396 differences in leaf morphology and physiology of the species being tested. Stachys byzantina 397 retained the lowest leaf surface temperature when exposed to high air temperatures on clear, 398 sunny days (Figure 1 ). Furthermore, Stachys was the only species where water deficiency did 399 not significantly increase leaf temperature, with temperature differences being <0. 'well-watered' conditions were lower than the surface temperatures of damp bare substrate 412 (Figures 1 and 4) . Similarly, 'well-watered' Sedum was also cooler than the watered bare little different from that of damp bare substrate (Figure 1 ). Under the 'dry' conditions, 415 however, leaf temperatures were always lower than those of the bare substrate. 416
417
The relationship between surface temperatures and the air temperature recorded 300 mm 418 above the substrate within the glasshouse environment was more complex. During 419 particularly warm periods, lowest air temperatures were measured above Stachys canopy, but 420 only when the plants were 'well-watered' (Tables 1 and 2). Air temperatures above 'dry' 421
Stachys could be relatively high; note the 7 o C difference between leaf and air temperature 422 with this treatment in Experiment 1 (compare Figure 1 and Table 1 data). Overall, there were 423 poor correlations between leaf / substrate surface temperatures and air temperatures above the 424 plots. The relatively small plot sizes and the close proximity of the different treatments and 425 subsequent air mixing may partially explain the variability that accounted for this. Although 426 we specifically chose the semi-protected character of the glasshouse to reduce air movement 427 and mixing, there may still have been interference due to thermal gradients associated with 428 the structure of the glasshouse, concrete floors, metal framework etc., as well as neighbouring 429 treatments. In this experiment we also specifically chose to measure temperature at set 430 heights above the substrate, not the plant canopies, and the latter were themselves variable 431 even within a monoculture of the one species. Although we raised the height of the sensors to 432 account for this (100mm above the highest plants), this may have predisposed the sensors to 433 other interfering effects (i.e. greater air movement across the top of the containers, rather than 434 within them). Outdoors, at 100 mm above ground and over longer averages (e.g. between 435
12:00 and 16:00 h over two experimental plots) we only detected significant differences in air Future work needs to account for confounded factors associated with air movement even a 455 very local levels, however, and more systematic use of sensors placed at discrete distances 456 from the transpiring leaves may be required to determine the 'zone of cooling influence' 457 before air mixing etc. dilutes any effect. 458
459
Of the species we tested, Stachys had the greatest capacity for regulating its own temperature 460 and keeping its leaves cool. It retained the lowest surface temperature even when soil 461 moisture became limited and stomata closed. In the controlled environments utilised in 462 Experiment 4 it was evident that retaining hairs on the leaves of Stachys reduced the amount M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 21 of infra-red radiation emitted from the leaf (i.e. the leaves appeared cooler), compared to 464 those leaves where the hairs were trimmed. This cooling conferred by the leaf hairs may be 465 related to light hair colour reflecting or refracting more incoming irradiance [36] , and appears 466 to be supported by lower net-radiation values over Stachys which we measured in our 467 experiment. The presence of hairs on leaves has been cited as a mechanism to reduce 468 moisture loss from the leaf surface [37] and / or protect tissues from excessive irradiance, 469 particularly UV wavelengths [38, 39] . In our experiment, although shaved leaves of Stachys 470 lost more water than unshaved ones, differences in moisture loss were not significant. The 471 fact that surface temperatures were significantly different though, may suggest that the 472 predominant role for Stachys hairs is to reduce the intensity of incoming irradiance, provide 473 higher reflectance / albedo and avoid direct heat stress, perhaps with any capacity to trap 474 moisture as only a secondary role. Despite the phenomena of being able to lower its leaf 475 temperature irrespective of the irrigation level applied, the ability for Stachys to maximise air 476 cooling was still strongly dependant on moisture being available and water transpiring 477 temperatures during the day. In another study, Petunia coverage reduced soil temperature 490 more than Hedera [23], but the specifics of the mechanism have not been elucidated. In our 491 study, we again observed the most positive results with Stachys, with substrate temperatures 492 below the Stachys canopy being >11 o C lower than under Sedum during the warmest periods 493 (Table 3) . Extra shading did not appear to account for this, as the LAI of the two species were 494 similar. The presence of leaf hairs which would act to increase energy reflectance from 495
Stachys' leaves, in addition to evapotranspiration, appears to be important for the regulation 496 of temperature by this plant species. The night time temperatures of the substrate underneath 497
the Stachys were only 1 o C higher than that of the bare substrate and Sedum, while the 498 daytime differences were -as already discussed -much larger. We feel therefore that the 499 overall benefit is in using Stachys. Additionally, if the thermal load onto the building during 500 the day is decreased and reflection increased (as it appears to with Stachys) the night time 501 thermal discomfort of the building residents underneath this roof, on balance, will be smaller. 502
503
Our experiments explore the concepts and general principles that differences in plant 504 structure and function, which affect plants' regulation of own temperature, can impact the air 505 and surface temperatures. These concepts now have to be validated by further, more applied, 506 field studies. Similarly, more research is required to investigate the impacts of localized 507 cooling on the leaf, substrate surface, immediate air volume etc. on large, city scale effects. We advocate that the choice of plant species on green roofs should not be entirely dictated by 520 what survives on the shallow substrates of extensive systems, but consideration should be 521
given for supporting those species that provide the greatest eco-system service potential. This 522 includes, perhaps, justifying the additional expense associated with providing a deeper 523 substrate (such as a semi-extensive system) or even supplementary irrigation from a 524 sustainable source. In this study Stachys outperformed the other species under test in terms of 525 leaf surface cooling, cooling the substrate beneath its canopy and even -during short intervals 526 over hottest still periods -the air above the canopy, when soil moisture was not limited. The 527 fact we measured air temperature differences between the species only during the hottest 528 periods of the experiment may be an important point: it suggests that in many cases either 529 vegetation type is fine, but when temperatures begin to peak (and, potentially, the UHI events 530 start to become significant) there is an advantage with Stachys. This is particularly in respect 531 to lowering air temperatures around the building envelope thus potentially reducing cooling 532 demand and decreasing temperatures around air conditioning units, thereby lowering energy 533 consumption. Stachys is unlikely to be as resilient as Sedum in terms of survival in the most-534 droughty, extensive, green roofs (e.g. 50-100 mm deep), but is a drought-adapted species in 535 its own right, capable of survival and persistence without additional irrigation in semi-536 extensive (200 mm depth) systems within Northern Europe [20] . Nevertheless, we are 537 continuing to investigate the sustainable irrigation regimes/systems to support the growth of 538 M A N U S C R I P T
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24 such species to help support them under more extreme climates and to understand potential 539 economic impacts of choosing them (i.e. cooling cost reduction vs increased irrigation and 540 maintenance costs). We are also focusing on the importance of leaf colour and 541 thickness/morphology in the energy balance of leaves and the surrounding surfaces. Our 542 future work will incorporate biological and modelling approaches to provide answers about 543 which biological traits, and through what mechanisms, provide the greatest benefits in a more 544 applied context. 
